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I. INTRODUCTION
As early as the mid l800fB investigations were performed on the 
gas passage through rubber., but it is only comparatively recently that 
plastic polymeric materials have come into prominence# One interesting 
aspect of much experimentation begun was that of permeability, and it 
was soon evident that, in general, polymeric materials have extremely 
low permeability of gases# This is, in essence, the basis for use of 
plastics as packaging materials, balloons, and in many other designs 
and fabrications where it is desirous and/or necessary to exclude air.
There are several variables which must be taken into consideration 
in the evaluation of the permeability of any material. These include 
temperature, pressure, and film thickness, and their effect can be de­
termined only by rigid experimental control#
Some specific difficulties encountered and facts to be considered 
in the oxygen penetration of polymeric films included: (l) finding a 
reliable and accurate method for the determination of small amounts of 
oxygen, (2) obtaining a continuous method whereby amounts of oxygen 
penetrating the membranes could be detected periodically throughout 
each of the entire experimental tests, (3) design of the equipment 
for the analysis, (U) measurement of the thickness of the films, (5) 
controlling the pressure of the oxygen on the film for result comparison 
and deletion of errors, (6) elimination from the equipment all oxygen 
except that permeating the films so gross errors would not be introduced 
in the measurements, (7) obtaining a suitable method for producing
"free films", and (8) procuring films free of cracks, pinholes, and 
other faults#
The purpose of this experimentation can he considered two-fold:
(1) to determine if any differences exist in the permeation of oxygen 
through the various polymeric filmG and (2) if such a difference were 
noted, to attempt to explain why#
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II. LITERATURE REVIEW 
Corroaion Introduction
The problem of corrosion is a widespread and a costly one* "The 
direct cost of corrosion, including measures for retarding corrosive 
action amounts to over five billion dollars annually in the United 
States alone * • • The yearly bill for the application of protective 
organic coatings is one-half billion dollars, metallic coatings come 
to approximately 6j0 million dollars, and corrosion resistant alloys
(a)to approximately j60 million dollars. '
The prevention of chemical reactions which lead to the destruction 
of the metal state is the basis of corrosion control* The extent and 
type of preventive measures taken depends on the nature of the metal 
and the environment in which it is to be exposed.
Corrosion is a complex subject since the composition, physical 
state, and surface condition of the metallic material and the chemical 
components of the surrounding medium determine the nature of corrosion 
reactions* Other variables include: temperature, temperature changes, 
nature of the corrosion products and their position with reference to 
the surface of the metal* The presence of salts, water and oxygen as 
well as surface imperfections would tend to establish electrolytic cells 
on a metallic panel*
There are a number of general methods for the preservation of metals. 
When the environment can be controlled, corrosive factors can be partially
or completely eliminated* All other methods of corrosion control seek 
to interpose a protective film between the metal and its surroundings* 
Such protective coatings may he formed naturally or synthetically. Self- 
formed protective films are the result of the conversion of the metal 
surface into a chemical compound which is held to the surface by atomic 
forces. Films such as these are usually continuous, of low solubility, 
relatively impermeable, and often invisible. Synthetic coatings are of 
a great variety and may be metallic, inorganic, or organic. Since this 
research deals with organic materials, only these will be discussed in 
detail.
Organic coatings serve as physical barriers which effectively ex­
clude the corrosive elements of the environment from the metal surface, 
but all continuous organic films are permeable to sane degree and also 
may possess or acquire physical defects before or during use. As a re­
sult, moisture and oxygen permeate and the base metal corrodes. When 
active corrosion occurs under the films, the resulting electrolytic 
products may impair or destroy the protective qualities. In metallic 
finishes on metals, the electrochemical relationships between the envi­
ronment, coating and the metal play an important part, but in organic 
coatings, the important factors are those determining the degree to 
which the environment can be mechanically blocked from the corrodible 
metal by means of a continuous, inert, and adherent film.
In general, organic finishing materials consist of a continuous 
film-forming liquid phase in which is dispersed the pigment. Conversion 
from the liquid to the solid form is essential for application of the 
coating n.nd for the development of an immobilized structure which must
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adhere to the base and he inert to the chemical and physical forces of
the environment. No reference is made to the chemical composition of
(9)the film-forming materials in this definition.
From field testing of hot-rolled steel panels, it was noted that 
those covered with certain types of organic coatings gave much better 
protection against corrosion and lasted much longer than did the same 
thicknesses of other types of paints under the same exposure conditions. 
The possibility existed that sane correlation might be found between 
the effective durability of an organic finish and the oxygen permeation.
Polymer Introduction
A polymer is a very large molecule which is built up by repetition 
of small chemical units. Sometimes the chains may be linear and other 
times they may be branched or even cross-linked forming a three dimen­
sional structure.
The field of polymers is a large one and can be divided into the 
following major categories'^': fibers, elastomers, and plastics. The 
classification of a material as a fiber depends more on the shape it 
possesses than anything else. A common definition is that a fiber re­
quires its length be at least 100 times its diameter. Some materials 
used as fibers (e.g. nylon) serve equally well in the field of plastics. 
Elastomers, too, belong in a separate category because of peculiar prop­
erties. The latter must be amorphous when unstretched and above their 
glass transition temperature to acquire elasticity. Plastics have to 
possess some degree of crystallinity and must be used below their glass
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transition temperature in order to be dimensionally stable. The field 
of surface coatings is within this latter classification of polymers.
Permeation Introduction
In 1866 T. Graham^^ studied the flow of gases through rubber, and 
the concept of permeation as a process of solution, diffusion, and re­
evaporation of the gas in passage through the polymer was introduced. 
This theory is still held valid today. Permeation can be defined as 
a process of spreading, flowing through, or penetrating a given sub­
stance.
The permeation of small molecules (e.g. water and oxygen) through 
a polymer layer may be one of three processes^***): (l) flow through
capillary holes, (2) activated diffusion through the polymer itself, 
or (3) a combination type of permeation.
In the first type, the assumption is made that preformed clefts 
exist into and through which the permeating molecules may pass. The 
average width of these crevices is necessarily greater than the diameter 
of the molecules of the penetrating substance. The random motion of the 
gas molecules within the polymer causes them to be reflected and re­
bounded from the sides of the crevices, and, as well, there are chaotic 
collisions among themselves. After a time the permeating matter makes 
its way through the polymeric substance and exits on the side opposite 
its entry (if linear - monodirectional flow is assumed). Brownian move­
ment explains this type of passage.
Homogeneous and amorphous polymers can be considered very high 
viscosity liquids, and this theory is the basis for the explanation of
the second type of penetration* The migrating molecule carries out 
vibrations around a position until there is a segment movement of the 
surrounding chains and a "hole" is formed in the vicinity* The mole­
cule moves into this cavity, again sets up a vibration, and the process 
is repeated. The dissolved particle moves through a series of "holes", 
not pre-existent, but gradually produced and gradually disappearing. 
Probability for the formation of a ^ole" in the polymer is very small, 
and the entire procedure is very slow. This second type is an example 
of activated diffusion.
In the third method of migration, "active points" are contained on 
the surfaces of the walls of the crevices which are present in the film 
and accessible to the gas molecules* A typical example is the water 
permeation of cellulose* The water enters the film, is adsorbed by the 
hydroxyl groups, and when the heat of adsorption is dissipated, produces 
more vibrations to obtain the energy necessary for desorption. The 
water is evaporated after leaving the preformed slits, and the procedure 
is repeated. Such a type of permeation is pressure dependent, and the 
effect of permeation is determined by the appearance of active points 
(hydroxyl, amino, carboxyl and carbonyl groups) and the crystalline 
nature of the polymer. Langmuir and S c h a e f e r ^ s t a t e  that the presence 
of a diffusing molecule causes a local breakdown in the crystal structure 
affecting a relatively large number of neighboring molecules. The length 
of the chains affected determines the magnitude of the barrier set for 
the permeating matter. Contrary to the previous methods, this is neither 
an activated diffusion nor a Brownian movement phenomenon through the 
polymer. Rather, it is a diffusion through preformed slits, and there
an attraction "between differing molecules, some of which are diffusing 
and others are certain active groups distributed on the walls of the 
crevices in the polymer*
The Permeation Constant
The permeation of gases through a plastic membrane involves sev­
eral separate and distinct stages: solution, diffusion, and re-evapora­
tion of the permeating gas.
The permeation constant is defined as the amount of gas permeating 
a film of a unit thickness and unit area in a given time for a given 
pressure differential on the two sides of the film. This constant char­
acterizes the effectiveness of a film as a barrier.
The applicability of Fick*s Law to plastic membranes was shorn "by
(8) (2.}Graham* and verified by Amerongen* Barrer'-3' and Barrer and Skirrow 
This law can be stated with an equation as follows:
p » a a /  a  t  (pj_ » p2)
where:
P is the permeation constant
q is the amount of gas permeating per unit area (a ) 
and time (t)
d is the film thickness
PI • P2 ’t^le Pressure differential
The permeation rate is proportional to the difference in pressure and 
area and inversely proportional to the thickness and can he found by 
solving the above equation for q.
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The following relationship has been verified by Barrer
.(10) .
( 3 )  f l e e t s )
and Carpenter
P C P S
where:
P is the permeation constant
D is the diffusion constant expressed in area/time
S is the solubility coefficient expressed as the 
volume of gas per unit volume of the polymer 
at one atmosphere pressure
P measures the probability that a gas molecule will move in the direction 
of the concentration gradient, and S measures the number of molecules 
ideally dissolved, not sorbed* For the permanent gases the diffusion 
constant and the solubility coefficient are essentially constant at all 
pressures.
C a r p e n t e r s t a t e s  that the following valid assumptions must be 
made for the solution and diffusion processes in high polymers: (l)
The solvent must be isotropic (i.e. the polymer must possess physical 
properties that are the same regardless of the direction of measurement) • 
(2) The diffusion of the solute must not be dependent upon a specific 
interaction with the solvent. (3) Solute concentration must be suf­
ficiently low for volume changes to be negligible and for the diffusion 
coefficient to be independent of the concentration.
Effects on the Permeation Constant 
Nature of the Permeating Gas. The permeability constants of nitro­
gen, oxygen, and carbon dioxide are found to increase regularly in that
ao-
order for all polymer films examined* The reference attributed
this to the influence of the molecular diameter of the gas molecule 
on the diffusion constant and also to the increasing solubility of the 
gas in the film* Oxygen has a smaller molecular diameter than either 
of the other two, hut carbon dioxide is more soluble than oxygen which 
in turn is more soluble than nitrogen.
Nature of the Polymers* The permeability constants for a given 
gas vary enormously with the nature of the polymers. Both physical and 
chemical characteristics of the membrane are contributing factors to be 
considered as causes for ouch differences. The amorphous or crystalline 
nature of the polymer as well as the primary and secondary bonding forces 
would all add their effects to the permeation.
There is no apparent correlation between the molecular weight of 
a membrane and the rate of gas permeation. A wide range of permeability 
constants has been found for a variety of molecular weights, but no 
definite relationship has been established. (3) (20)
Polymer - Gas Interactions. Interaction of the polymer and the 
diffusing molecule is also important. in such a case adsorption and
intermolecular bond breaking occur. Gases such as hydrogen sulfide and 
carbon dioxide behave more like vapors than do difficultly condensed 
gases such as oxygen and nitrogen. The former two incorporate polymer - 
intermolecular bond breaking and vapor solution in their permeation*
Gas permeation increases with any decrease in the bonding forces 
between the polymer molecules of the film and with any increase in the 
attractive forces between the film and the permeating gases* Therefore,
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highly polar and strongly "bound polymers are less permeable to non-
/ oo\polar gases than are the less polar and weakly "bound polymers.' *
Gas molecules have very little effect on the interchain molecular 
"bonds of polymers where tightly "bound forces exist.v Materials with
weak secondary "bonds are very permeable to "both polar and non-polar 
gases, and materials with strong Interchain forces have low permeability 
to both polar and non-polar gases.
Effect of Plasticizer. The effect of plasticizer within the per­
meated film is certainly one not to "be overlooked. The amount and type 
used may result in up to a tenfold difference in permeability magnitude# 
In general, the higher the temperature, the greater the change in the 
permeability with a given amount of plasticizer in the film.
Plasticizers are particular plastic additives which are used to 
improve the flow and reduce the brittleness of films and other products. 
Similar properties may be incorporated by changes in the molecular struc­
ture of the polymer in the process of copolymerization. This latter is 
called "internal plasticization”, and the former type, the one of main 
concern, is called "external plasticization". Basic requirements which 
must be met by external plasticizers include compatilility (similarity 
in the intermolecular forces acting in the plastic and in the plasti - 
cizer) and permanence (low vapor pressure and a low rate of diffusion 
of the additive within the plastic). Both these properties are obtained 
by use of high molecular weight plasticizers#
Plasticizers may act in one of two ways' (1) They may in­
crease permeability by solution of the diffusing material in it or by 
spreading its effect to the polymer chains; or (2) It may tend to
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decrease permeability by exhibiting a blocking effect on the polymer 
holes and by sorption on active polymer groups otherwise available for 
polymeric solution* This second effect is much less important than the 
first.
The presence of side chains in the polymer itself or in the plas­
ticizer is expected to decrease polymer intermolecular forces or to 
increase the number of paths available to the permeating gases.
Effect of Water. Water vapor can affect the rate of gas trans­
mission through a plastic polymeric material in two ways : (l) Water
which is sorbed may act as an active point for gas adsorption and there­
by increase the gas permeation by a solution and evaporation process.
(2) The structure of sane materials may be changed by the sorbed water 
and (a) groups which aid in transmission are blocked or covered and the 
result may be less permeation, or (b) the structure is caused to expand 
and the number of existing and potential holes is increased and the rate 
of permeation increases. The rate of permeation for any one gas tends 
to decrease as the hydrophilic nature of the polymer is increased.
As far as protective coatings are concerned, though, water does not 
affect them; the films becane the real obstacle confronting gas trans­
mission.^2^
Generalizations» The following summary can be made regarding the 
polymeric structure and permeability: (l) The greater the non-elastic 
properties and cross-linking in a polymer, the far greater is the mole­
cular sieve activity in permeation and d i f f u s i o n . (2) The rate of
permeability for amorphous materials is greater than for crystalline 
substances. (3) The greater the symmetry with high cohesive energy,
-13
the less the permeability, (h) With even greater symmetry hut less co­
hesive energy, there is greater permeability. (5) Intermediate per­
meation occurs in an unsymmetrical structure vith high cohesive energy 
density. (6) Permeability is great in an unsymmetrical arrangement. 
(Open structure is due to interference with molecular packing.) (7) 
Greater transmission is found in branched polymers. (8) Increase in 
the cross-linkage and stabilization of segment motion decreases the 
amount of gas flowing through a film. (9) An increase in chain flex­
ibility (e.g. plasticizer addition) increases permeation.
Variables in Permeation Determinations
Pressure, area, thickness, and temperature are possible variables
in permeation determinations. Definite effects of these changeable
(7)(8)(1)(3)(15)quantities have been verified by many investigators.
The rate of gas flow decreases proportionally as the thickness of 
the film is increased, and the gas rate of flow increases proportionally 
with increase in partial pressure difference. As a result, thickness 
and the pressure differential have no effect on the permeation constant. 
There is no effect of pressure on the constant, at least, for pure
/rr\
gases. 7 The authors* maximum spread was 4# and this was determined 
to be within the experimental accuracy. It should be noted that any 
deviations may be due to the influence of the pressure on the film it­
self. Deformation can cause modifications in permeabilities according 
(?)to Barrer. 7 Stretching a film will decrease permeation a great deal.
Temperature., however, does exhibit an effect on the values obtained. 
If the log of the permeation constant Is plotted as the abscissa and the 
reciprocal of the absolute temperature as the ordinate, it is seen that 
the change in P with T is unpredictable for various films. It varies 
to a different extent - sometimes constant, often increasing, and other 
times decreasing - depending on the film and the diffusing gas. Great 
variation in all plastic films is caused by temperature.
Colorimetric Analysis
Colorimetric analysis can be defined as the determination of the 
concentration of a colored solute by measurement of the relative ab­
sorption or transmission of the solution. The method is very general 
and procedures have been developed for the determination of nearly every 
known element with the exception of the rare gases and certain of the 
rare earths.
Major reasons for the wide use of this means of analysis include:
(i) rapidity of analysis with good accuracy if experimental conditions 
are controlled, (2) a method of determining small amounts or low con­
centrations of materials with greater accuracy than is possible by more 
conventional volumetric and gravimetric means, (3) analysis for sane 
materials for which no other method is available or suitable, and (U) 
this type may be simpler than volumetric or gravimetric methods. Chief 
of these advantages is that a means is provided for detection of minute 
quantities.
The colorimeter is an instrument designed for measuring the trans­
mission of a clear colored solution relative to that of a reference stan­
*15-
dard. The instrument records the absorption of a given hand of mono­
chromatic light. In visual colorimetry white light Is used as a light 
source and determinations are made with the colorimeter; when a photo­
electric cell replaces the eye, the instrument is called a photoelectric 
colorimeter# In this, light constrained within a narrow- range of wave­
lengths is used. This is obtained by passing white light through filters, 
materials which transmit only a limited spectral region. The entire 
system of the latter type consists of a light source, light filter, glass 
cell for the solution, a photoelectric cell to receive the radiation 
transmitted by the solution, and a measuring device. In the photo­
electric photometer method, the Instruments measure the light absorption 
and not the color of the substance.
When a single photoelectric cell is used (as in this research) the 
solution is placed between the cell and the light source, and the trans­
mittance is measured directly with a galvanometer In terms of the cur­
rent output of the photoelectric cell compared with the value obtained 
for the pure solvent. By having the intensity of the incident light 
as 100, the reading of the transmitted light will be directly in per 
cent transmittance on the proper scale. A storage battery is used as 
a means of obtaining a light source of constant intensity from a tung­
sten lamp. If a "fatigue effect" (the photocurrent rapidly rises to a 
value several per cent above the apparent equilibrium value and then 
gradually drops) occurs, the photocell must attain equilibrium cur- 
rent after each change In light intensity.'
Generally, the best filter is that which gives the maximum ab­
sorption or minimum transmission for a given concentration. In practice
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it is found that filters which give good proportionality at various 
concentrations are also satisfactory.
Calibration of the instrument is made in terms of a series of solu­
tions of known concentrations; the results are plotted in the form of 
a curve relating concentrations and the reading of that particular in­
strument. The concentration of the unknown is then determined by noting 
the reading on the galvanometer scale and by referring to the calibra­
tion curve. Calibration of a filter photometer for a given determination 
is established as proper only if a smooth curve can be drawn through 
several determined points. ' The most efficient range lies between 
ten and fifty per cent transmittance. Below ten per cent the field be­
comes too dark and error from this source increases more rapidly than 
that of the relative percentage error, and higher than fifty per cent,
the percentage error is too high for accurate working. (12)
(1 5 )Beer - Lambert Law. According to Gibb , when a ray of mono­
chromatic light enters an absorbing medium, its intensity decreases 
exponentially in accordance with Lambert* s equation:
Log I0 / I s K x
where:
IQ is the original intensity at a given wave length 
I is the transmitted intensity at a given wave length 
K is a constant
x is the thickness of the absorbing medium
If the absorbing materials are solutions, the concentration of the 
colored solute must also be taken into consideration. The absorption
1 7
shown by a given thickness of the solution is dependent on the number 
of solute molecules in the path of the light ray* Since the number of 
these molecules traversed is dependent on the concentration of the sol­
ute and the transmitted intensity varies logarithmically with the thick­
ness of the column of liquid, the equation of Lambert (or Beer-Lambert 
Law) may be written as follows:
Log I0 / X = k c x
where:
c is the concentration of the solution 
k is a constant
It is of importance to note that the actual value of the intensity does 
not enter into any of the above equations, and only the relative in­
tensity (l0/l) Is significant.
Deviations from Beer - Lambert Law. Absence of a logarithmic re­
lationship between the concentrations and transmission indicates devia­
tion from the Beer - Lambert Law. This may be caused by chemical trans­
formation in which a second colored component is involved (e.g. the con­
version of one colored form of on indicator into a second colored one).^*^ 
For solutions which do not follow the Law of Beer, it is best to pre­
pare a calibration curve using a series of known concentration.
(Ok)Errors in Colorimetric Determinations. Snell and Snell' 9 and 
Gibb^*^ list several possible sources of error in colorimetric deter­
minations: a )  mechanical and scale errors, (2) optical errors of 
the solutions, (3) unsymmetrical illumination, dust, etc. (4) con­
tamination of solutions, excess reagent, impure reagents, variable
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quantities of chemicals present, (5) errors of dilution, (6) errors 
from varied temperatures, (7) unavoidable error of the individual oper­
ator, and (8) variable sensitivity of the range.
III. EXPERIMEHTAL
Purpose of Investigation
The purpose of this investigation was to determine if any dif­
ferences existed in the oxygen permeabilities of typical anti-corrosive 
organic coatings. If variations could be detected between the types, 
attempts will be made to eventually correlate the permeability with 
general effective life or durability of the several kinds of pro­
tectants. Possibly, too, polymer structure could explain any ob­
served range of permeation constants.
Plan of Investigation
A  permeation cell was designed as shown in Figures 1 and 2. A  
thin polymeric film was inserted between the two halves, and the entire 
cell was sealed. Oxygen under a constant pressure was applied to one 
side of the film, and purified nitrogen was used as a "flushing gas" on 
the opposite side of the cell to remove all oxygen that had passed 
through the membrane and to transfer it to the colorimetric solution 
before each reading was taken. It was decided that the colorimetric 




Design of a Permeation Cell* Several attempts were made on the 
design of a gas permeation cell. First, immersion tubes with fritted 
discs of the greatest porosity available were obtained. An endeavor 
was made to attach side glass tubing to the existing tubing and use two 
of these modifications in such a manner that the membrane to be tested 
would be supported between the two fritted glass bottoms. Such glass 
connections were not durable, and joints shattered upon cooling.
Next, the ends of the two immersion tubes were cut to a length 
of about 1.5 centimeters, and a glass th£u was joined to each of these 
ends by means of a 2.0 centimeter length of tygon tubing. This, too, 
was unsuccessful, and negative results led to the belief that nitrogen 
did not adequately transfer the permeating oxygen into the colorimetric 
solution. A capillary tube was made and inserted within this latter 
set-up with hopes that it would tend to circulate more effectively the 
nitrogen and any oxygen passing through the film would be removed by 
the flushing action of the nitrogen. This, also, was to no avail. There 
had been doubt that oxygen had penetrated at all, and this was confirmed 
in the last design. At least, if any oxygen had passed through, it 
could not be detected by the colorimetric means employed.
Another effort was tried, and the successful results are shown in 
Figures 1 and 2. The method consisted of cutting and fire-polishing the 
ends of two thistle tubes at a length of about 15 centimeters. The top 
edges were ground flat, and to the side of one tube at the maximum
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Figure 1. Permeation Cell, Top View Diagram
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Figure 2. Permeation Cell, Pictorial Cutaway
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diameter "below the top edge was attached a length of eight millimeter 
pyrex glass tubing. The paint films were inserted between the flat top 
edges and sealed into place with sealing wax. No support was needed 
to hold the membranes in position.
Standardization. The following method was recommended^31) and 
followed for making a standard copper solution for the calibration of 
the colorimeter in oxygen determinations: 1.1364 grams of pure copper 
were dissolved in aqua regia; the excess acid was evaporated and the 
residue was dissolved in water, made up to one liter, and thoroughly 
mixed. One milliliter of this solution was equivalent to one-tenth 
milliliter of oxygen as indicated by the equation:
Cu2Cl2 -f- 2HC1 + -§02 « 2CUCI2 +  H20
The ratio "between the weight of copper and oxygen is 127.1k to 16.
A standard series was prepared varying the ratio of standard to 
distilled water. The transmission percentages at various concentrations 
were plotted, and a calibration curve was obtained. (See Figure 3*)
A fraction of the transmission curve was enlarged for greater accuracy. 
(See Figure 4.) Further checks were made to substantiate the cali­
bration, and all points later determined fell on the original line.
A plot of the logarithm of the per cent transmission versus the 
concentrations was also made and is shown in Figure 5* Beer's Law was 












Figure 3« Transmission-Oxygen Concentration Graph 
(transmission of 10 - 100$)
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Figure h. Transmission-Oxygen Concentration Graph 
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Figure 5« Log of Transmission-Concentration Graph: Beer*s Law
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Preparation of Cuprous Chloride, As mentioned previously, the 
quantitative determination of oxygen was made by colorimetric means.
The exact method was based on the conversion of the cuprous ammonium 
chloride complex to the cupric state. The cuprous chloride solution 
was prepared "by warming a solution of cupric chloride and copper in 
concentrated hydrochloric acid. The liquid was decanted into distilled 
water, and cuprous chloride, white precipitate, formed. (Notes If the 
color of the precipitate changes on standing, it cannot he used as an 
indicator.) The white precipitate was filtered, washed with hot water, 
cold water, and methyl alcohol, respectively. A  saturated solution of 
the salt in concentrated hydrochloric acid was prepared. (Note: The 
solution of the cuprous chloride in hydrochloric acid should he a dark 
brown in color. The cuprous salt is unstable and any change in the 
color of the solution indicates a reversal to the cupric and elemental 
state.) Only small quantities of the salt were prepared at a time.
Colorimetric Solution. When emmonium hydroxide is added to water 
containing some cuprous chloride, cuprous ammonium cliloride is formed.
The latter is a soluble and colorless salt. If any dissolved oxygen 
is present in the water, the cuprous salt is oxidized at once and the 
cupric ammonium chloride salt is formed. A solution of this has a def­
inite blue color, and it is the basis for the colorimetric determination. 
If mpro oxygen is added to the solution, the color intensified markedly 
and the amount of light transmitted through it became much less.
One half milliliter of the saturated solution of cuprous chloride 
in concentrated hydrochloric acid was added to 100 milliliters of dis­
tilled water. To this was added 1.5 milliliters of concentrated am-
•28
monium hydroxide. It vas into 25 milliliters of this solution that 
oxygen permeating the films was passed.
(07)Preparation of Pyrogallol Solution. It was recommended' 1 that 
pyrogallol he used to remove all traces of oxygen from the nitrogen that 
was passed through the permeation cell, and the recommendation was fol­
lowed in this research.
The following solution^^ was prepared: 15 grams of pyrogallol 
were added to 100 milliliters of a solution containing 1.5 parts of 
potassium hydroxide and one part water • Each milliliter of the solu­
tion reagent absorbs 22 milliliters of oxygen. Carbon monoxide is formed 
if the solution is used for too long a time or if insufficient alkali 
is present#
Preparation of Organic Coatings. All of the organic coatings tested 
were thinned to a viscosity of 6l to 67 Krebs Units# This was done to 
obtain very smooth flow of the wet paint over the glass panel. All of 
the paints were applied in two successive coats to obtain the final de­
sired thickness and to prevent the formation of pinholes.
The non-volatile determinations were made for all the coatings.
This was done to enable one to obtain the desired dry film thickness by 
laying a wet film of coating of the appropriate thickness. The oils, 
alkyds, and phenolics were heated in a 105° C* oven for three hours, and 
vinyls were heated at the same temperature for one hour. The samples 
(approximately 1.5 to 2.5 grams) were placed in small aluminum dishes 
and weighed before and after the dry time. The data and calculated total 
solids content are given in Appendix 1.
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The organic coatings tested were part of the stock of commercial 
anti-corrosive paints supplied for use in the project "Minimum Paint 
Film Thickness for the Economical Protection of Hot Rolled Steel Against 
Corrosion” sponsored hy the Paint Research Institute of the Federation 
of the Societies for Paint Technology.
Primers. Following is a list of the primers tested:
(1) Red Lead Alkyd Primer (Rinshed-Mason Reference Number 
XR-8952; Federal Specification TT-P-86a, Type III).
(2) Red Lead Linseed Oil Primer (Federal Specification 
TT-P-86a, Type i).
(3) Red Lead Phenolic Primer (Devoe and Reynolds Reference 
Number ML-1893; Federal Specification TT-P-86a, Type IV).
(1*) Red Lead Vinyl Primer (Bakelite Reference Number XE-5259.J 
Federal Specification MH-P-15929) •
Finishes. Following is a list of the finishes tested:
(1) Gray Alkyd Finish Coat (Rinshed-Mason Reference Number 
XR-8988; Federal Specification MIL-P-15130-A).
(2) Gray Oil Finish Coat (Federal Specification TT-P-102, 
Amendment 2; Class B).
(3) Gray Phenolic Finish Coat (Devoe and Raynolds Reference 
Number ML-1892; Structural Steel Council Specification 
SSPc-105-SST).
(k) Gray Vinyl Finish Coat (Bakelite Reference Number XE-5^3; 
Structural Steel Council Specification Number 9) •
In Tables I, II, III, IV, and V are given the fomnulations for all 
the above coatings.
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TABLE I. Composition of Primers ($ by weight)
Oil Phenolic
Red Lead Oxide 77.0^ 55.90
Asbestine m k.k3
Celite 28l - Diatomaceous Silica - 5.32
Aluminum Stearate 0.29 0.2k
Soya Lecithin (50$) 0.17 -
Varnish^ - 26.03
Raw Linseed Oil 11.32 m
Pale Heat Bodied Linseed Oil 3.5* -
Mineral Spirits 7A 7 7.81
Cohalt Naphthenate Drier (6$) - 0.08
Lead Naphthenate Drier (24$) 0.11 0.19
Manganese Naphthenate Drier (6$) 0.06 -
•^Composition by weight:
BR 4036 Bakelite Phenolic Resin 20$ 





TABLE II# Composition of Primers (# by weight)
Alkyd Vinyl
Red Lead Oxide 64.09 22.00
Aluminum Stearate 0.25 -
Tricresyl Phosphate m 3.00
Alkyd Resin (Beckosol P-671) 2 9 .31 m
Bakelite Vinyl Resin VAGH - 15.00
Methyl Isohutyl Ketone m 30.00
Mineral Spirits 6 .15 m
Toluene m 30.00













Bodied Linseed Oil 
Haw Linseed Oil 
Mineral Spirits 
Solvesso 100 
Cobalt Naphthenate (&f>) 






















Composition of Phenolic Varnish ($ by weight)
Linseed Oil 17.21





Solvesso 100 1 .1 6
100,00
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TABLE V. Composition of Finishes ($ by weight)
Alkyd Vinyl
Lampblack 0.10 m
Titanium Dioxide 5.15 12.00
Zinc Oxide 18.72 -
Magnesium Silicate 13.10
Alkyd Resin (Beckosol 296-70) 39.31 -
Bakelite Vinyl Resin VYHH - 16.00
Tricresyl Phosphate - 3.00
Hi-Flash VM and P Naphtha 6.08 -
Methyl Isobutyl Ketone m 3U .50
Mineral Spirits 16.85 -
Toluene - 3^*50
Cobalt Naphthenate (6$) 0.15 -
Lead Naphthenate (2l$) 0.39 -
Manganese Naphthenate (6$) 0.15 -
100.00 100.00
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Procurement of Free Films* Plate glass panels (8" X 12") were 
marked on one side as shown in Figure 6. This was for the purpose of 
thickness measurements and will he discussed in detail later.
Methyl cellulose solution was prepared hy placing 150 milliliters 
of distilled water in a waring hlender and adding to this ten grains of 
methyl cellulose. The components were vigorously mixed, and the solu­
tion was poured into an erlenmeyer flask. The flask was corked and 
allowed to set over-night so all air bubbles incorporated into the solu­
tion during the mixing process could be dissipated. A glass panel was 
then coated (on the side opposite the markings) with the methyl cellu­
lose solution using ten mils (0.010") wet film thickness. This was done 
with an electrically operated draw-down apparatus with an adjustable 
wet film applicator. (See Figure 7«) It was necessary to use this 
magnitude of thickness in order to procure a dry film of sufficient 
thickness and strength to act as a backing and support for the paint 
films while they were removed from the panel. Measurements of the 
methyl cellulose dry film were made using the thickness gage illustrated 
in Figure 8. At all times, readings were made over each of nine speci­
fic points within each of the six circles. Errors in thickness readings 
were thereby minimized.
Using the non-volatile data obtained (See Appendix 1.), films of 
organic coatings were laid such that the dry films would be approximately 
one half of the total desired thickness. After the first layer of paint 
had dried, the approximate thickness range was noted, adjustments in the 
thickness of the second wet film to be laid were made, and the next lay­
er of paint was applied to the panel. After this had dried, the total
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thickness of the paint film was measured as "before, and the average 
thickness for each "circle” was calculated*
With the use of a spatula a rectangular cut was made through the 
paint film all around the circle which was to he placed in the permeation 
cell. Strips of masking tape were lined around this cut and firmly fas­
tened to the organic coating "by pressing the tape to the paint with gentle 
pressure. The tape was lifted on one side of the rectangle and the ad­
hering paint-methyl cellulose combinations were easily removed from the 
panel. The layer of methyl cellulose was removed by washing with cold 
water. The "free” film of paint was rinsed in distilled water and in­
serted in the permeation cell.
It is of interest to note that the alkyd, vinyl, and oil films 
(both primers and finishes) were extremely easy to handle. Phenolics, 
however, posed quite a problem and great care had to be exercised. The 
latter films were extremely brittle and cracked or "fell in pieces” 
whenever any strain was placed on them. Many unsuccessful attempts 
always preceded a successful removal of these films from the panel, and 
still more difficulties were encountered when the methyl cellulose was 
removed and even when the film was ready to be placed in the cell.
Measurement of Film Thickness. All films were measured using a 
device designed and "built by J. H. Gustafson. Stated briefly, the
method utilized the principle of air flow through a capillary tip and 
an accuracy to 0.00002 inch could be achieved. It was the most accurate 
method available for determination and measurement of film thickness.
- 3 7 -
FIGURE 6. PANEL MARKING FOR
THICKNESS MEASUREMENTS
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FIGURE 7- FILM APPLICATOR
- 3 9 -
FIGURE 8. THICKNESS GAGE
Procedure for the Determination of Oxygen Permeation* The colori­
metric solution was prepared and set aside for a few minutes while the 
free film of polymeric material was obtained* The valves on the oxygen 
tank were opened and oxygen gas was passed through the right side of 
the disassembled permeation cell for a minute* (See Figure 2.) This 
was done to insure that tank oxygen would be present at the film sur­
face at the start of the test. The free film was placed into position 
and the cell halves were Joined and sealed with wax* Nitrogen was 
passed through a container of pyrogallol and used as a means of re­
moving all oxygen from the left side of the cell Just prior to the 
beginning of the test* This flushing action was then discontinued 
and a screw clamp between the pyrogallol and the permeation cell was 
tightened.
In the meantime, 25 milliliters of the colorimetric solution was 
transferred to a seven inch test tube that had been filled with nitro­
gen gas and corked. An initial reading was taken on the solution and 
the tubing leading from the left side of the cell was inserted in the 
colorimetric test tube. Final oxygen pressure was adjusted to three 
ounces per square inch in all the tests except one vinyl finish where 
it was reduced to two ounces per square inch. Thereafter, per cent 
transmission readings were directly taken on the solution after the 
left side of the cell had very slowly been flushed with nitrogen for 
a few minutes* This was to insure the removal and transfer of any per­
meating oxygen from the permeation cell to the colorimetric solution.
As the test progressed the amount of light transmitted through the 
solution decreased and the solution became a deeper blue. This indicated
•that the cuprous ammonium chloride complex was "being converted to the 
cupric state by the action or the permeating oxygen.
At all times readings were taken with the test tube in one posi­
tion with respect to the light source and the photoelectric cell in the 
colorimeter. This was done to eliminate optical error due to incon­
sistency in lens action of the circular tubes. It might also he noted 
that all seals were carefully checked before and during each test with 
concentrated soap solution to make certain of the air tightness in the 
system.
The concentration of oxygen for a given per cent transmission 
reading was found by referring to the calibration curves.
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FIGURE 9 COLORIMETRIC TUBE
- 4 3 -
f i g u r e  10 OVER-ALL EQUIPMENT PICTURE
FIGURE 11. PERMEATION CELL PICTURE
Data and Results
On the pages following are the data and results obtained in the 
course of this investigation* In the first section are given the thick­
ness measurements, permeation data, and a  graphical representation re­
lating time and permeability for each type of film tested* Next are 
given composite graphs of each of the two major categories, primers and 
finishes* Finally, data pertinent to a test on a finish at a reduced 
pressure are stated* The calculated permeation constants are found in 
tabular form on page 95 immediately preceding the sample calculations*
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t a b l e  VI












0.25 0.70 0.95 0.97







0.38 0.80 1 .1 8
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TABLE VII










1.00 16 .5 0.58
1.50 1 6 .1 0.68


















0.05 0.53 0.58 0.65
0.10 0.53 0.63
0.00 0.70 0.70
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TABLE IX










1.00 2b. 5 0.70
1.50 23.7 0.92
2.00 22.8 1.15
5.8 19 .8 2.07
7.50 19.0 2.31
18.00 17 .8 2.71
22.00 17 .8 2.71



















Figure 12. Oxygen Permeation-Time Graph: Alkyd Primer
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TABLE X



































^.75 25.0 3 .7 1
19.00 17*7 5-91
21.25 17 .6 5*93
2^.75 17.6 5.93
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t a b l e  XII






























(grams X 102 )
0 39.0 0





23.00 12.7 7 .1 ^
25.75 12.7 7 .1 ^
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Figure 13* Oxygen Permeation-Time Graph: Oil Primer
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t a b l e  XIV





1 .1 0 1 .1 0 1 .1 9
1 .1 5 1 .1 5
1 .3 5 1 .3 5
1 .3 5 1 .3 5
1 .2 7 1 .2 7
1 .2 0 1 .2 0
1.08 i . o s
1 .0 0 1 .0 0
1 .2 3 1 .2 3
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t a b l e XV







(grams X 102 )
0 26.7 0
0.50 2k.O 0.72
1.25 2 2 .1 1.26
2.00 20.5 1.72
6.00 15.2 3.56
19.50 1 1 .8 5.3722.00 1 1 .8 5.37
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TABLE XVI






























1.00 1 8 .1 0.92
2.50 15.9 1.72
8.3 1 1 .8 3.80
22.25 10.2 k.91





























































Dry Film Thickness of Vinyl Primer
Test 2











0.32 0 *h6 0.78 0.83
0.35 0.1*7 0.82
0.1*3 0.50 0.930.1*0 0*50 0.90
0 .1*0 0 .1*8 0.88
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Figure 15* Oxygen Permeation-Time Graph: Vinyl Primer
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0 .1 5 0 .2 5 o .lto 0 .3 7
0 .1 3 0 .2 3 0.36
0.10 0 .1 5 0.25
0 .1 0 0 .1 5 0.25
0 .1 0 0 .2 5 0.35
0 .2 0 0 .2 3 0 .^ 3
0 .1 5 0 .2 0 0.35
0 .2 0 0 .2 5 0.b$
0 .1 7 0.28 0 .H 5
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T A B L E  X X V
Permeation Data of Alkyd Finish
Test 2

















T A B L E  X X V I






















T A B L E  X X V I I


































Figure 16. Oxygen Permeation-Time Graph: Alkyd Finish
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t a b l e XXVIII
Dry Film Thickness of Oil Finish
Test 1
first second total average
layer layer




0.20 0.85 I .05
0.13 1-57 1.70
0.05 1.1*5 1.50
0.35 1.25 I .60
0.20 0.95 1.15
0.30 0.55 0.85
- t r ­
i a b l e XXIX




































0.30 2.73 3.03O.itO 2.37 2.77
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t a b u s XXXI











1.50 1*8.2 1 .12
2.00 1*6.5 1.32
&.50 39.5 2.27
























Figure 17- Oxygen Permeation-Time Graph: Oil Finish
T IM E  IN HO URS
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T A B L E  X X X I V
Dry Film Thickness of Phenolic Finish 
Test 2
first second total average
layer layer
(mils) (mils)(mils) (mils)
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(grams X 102 )
0 19.0 0
0.50 16.3 0.95
1.00 15.3 1 .1+1






















Figure 18. Oxygen Permeation-Time Graph: Phenolic Finish
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0.22 0.43 0.65 0.65
0.17 0.48 0.65
0.15 0.47 0.62
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TABLE xxxvn











6.75 15 .8 2.83
20.00 13.5 3.88
26.00 13 .6 3.88
42.00 13 .6 3.88
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( m i l s )
average
(mils)
0.10 0.35 0.1*5 0. 1*5
0.18 0.32 0.50
0.13 O .32 0.U 5
O.ll* 0.33 0.1*7
0.12 0.33 0.1*5
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Figure 19. Oxygen Permeation-Time Graph: Vinyl Finish
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Composite Graphs
Each of the major categories, primers and finishes, was separately 
treated* The average curve for each type of paint tested (e*g* alkyd 
primer) was determined from the experimental results, and plots were 
made on the appropriate graph, either the composite of the primers or 























































FIGURE 21. OXYGEN PERMEATION - TIME COMPOSITE 
GRAPH OF FINISHES 
5 10 15 20 25 30 




R educed Pressure Test
The following data were obtained on the test made on a vinyl 
finish at a reduced pressure. All the preceding tests were made at 
three ounces per square inch, but this last one was made at two ounces 
per square inch. This was done to observe the effect of a pressure 
change on the permeation constant.
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TABLE XXXX 
Dry Film Thickness of Viny1 Finish 
Test 3 
(reduced pressure) 
first second total. average 
layer layer 
(mi1s) (mi1s) (mi1s) (mi1s) 
0.67 o.43 1.10 0.77 
0.25 0.25 0.50 
0.30 0.30 o.6o 
o.oo 0.76 0.76 
o.45 0.35 a.so 
0.50 o.45 0.95 
0.75 0.15 0.90 
o.Ito 0.33 0.73 
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TABLE XXXXI













2.00 20.8 1 .1 2
6.00 19-2 1-39
































xxoxygen pressure: 3 oz/sq in. 
oxygen pressure: 2 oz/sq in.
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Sample Calculations
Calculation of Oxygen Pressure* In the majority of experiments 
an oxygen pressure of 3 oz/sq in. was used. Since 1 lh/sq in. is eq­
uivalent to 5*1715 cm of mercury:
(3/16) (5.1715) => O .9696 or 0.97 cm mercury equivalent to
3 oz/sq in.
Calculation of Area of the Films. The diameter of the paint films 
was 2.70 cm. Area calculated was (3*1*0(1*35)^ or 5.72 sq cm.
Calculation of Permeation Constants. Fick*s Law can he stated as 
follows:
P(Pi - P2)/ d = q.
where: q is the quantity of gas permeating per
unit time and area
P is the permeation constant
d is the film thickness
Pi - Pg is the pressure gradient on the sides of 
“ the film
Rearranging the terms and solving for the permeation constant:
P = qd/(p1  - p2)
Verifying units:
grams oxygen)(film thickness in centimeters) 
time in hours)(60 min/hr)(area in sq 'cmj^cm Hg pressure)P « (1)
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Assuming a constant K as follows:
(film thickness in centimeters)
^ ~ (60 min/hr)(area in sq cm)(cm Hg pressure)
(2 .5k X 10~3 cm)
^ “ (60 min/hrK5*72 sq, cm}(0.97 cm)
K « 7 .63 X 10" 6 hr min”1 cm”2
and inserting this value into equation (l)
P 2 K (grams of oxygen)(time in hours)"*** = gm min*-** cm~^
The permeation constants for all primers and finishes were cal­
culated in this manner and are given in Table XXXXII.
The permeation constant for the vinyl finish at the reduced pres­
sure of two ounces per square inch was calculated in the same way and 
is also given in Table XXXXII.
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IV. DISCUSSION 
Discussion of Resu1ts 
It can be concluded. from the graphs that in general. a same type 
of permeation curve was obtained for all ty];)es of coatings tested. The 
slope, "break-off" point., and extent of permeation are, however, dis-
tinctly di:fferent and characteristic for each film, and calculations 
of the \'arious permeation constantn show quite a wide range of va1ues. 
The graphs also indicate the abaence of pinhoJ.es and cracks in the 
films tested. If such defects were present, the permeation would have 
risen rapidly at first and woul.d have continued to increase at a high 
rate until a.11 cuprous cb1oride was oxidized to the cupric state. Since 
this wes not the case, errors resulting :f'rom the 1nit1a1 defects in the 
films ca.n be assumed to be negligible. Duplicate tests made on each of 
the types of ~ilms were consistent and checked with each other. 
It is of interest to note that apparently there is no effect of 
thickness of the film on the permeation within the thickness llmitations 
of this investigation. Although the curves are characteristic for each 
of the types of paints used, there is no reasonab1e correlation between 
the thickness and the desree of permeability detected. Films tested 
with very similar thicknesses had the same amount of deviation in the 
permeation curves as did those tested with great differences 1n tbick-
nees. The widest differences in permeation curves were those for 011 
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finishes and oil primers. This comparatively large deviation can he 
attributed to the deformation and actually observed change in the phys­
ical condition of the films as a result of the pressure applied. This 
will be discussed in detail later.
The effect of pressure on the permeation constant (shown on page 
95) can also be considered negligible. Although only the vinyl film 
was investigated at two different pressures, it is obvious that the 
calculated permeation constants differ little.
The major reasons for the discrepancies between the curves of sep­
arate tests on the same type of film could be the effect of temperature 
and pressure. Fluctuations in either or both of these would cause 
slight modification and/or deformation of the film, and as a result 
permeability variations would be found. Several films tested were found 
to be deformed after the experiment.
The exact effect of temperature cannot be validly explained since 
the experiments were not conducted at constant temperature. It is under­
standable that variations in temperature have quite an influence on poly­
meric materials, the extent of which is partly dependent upon the type 
of polymer and would be characteristic of that type.
It is also logical that deformation of polymers considerably alter 
the permeability. All films tested were carefully checked upon their 
removal from the permeation cell, and examination revealed that the oil 
types (both primer and finish) were changed. Both -types were stretched; 
consequently, permeability determined was probably lower than if the 
films had not been deformed. It is very likely that if tests had been 
made on these films using a very low pressure so that little or no de­
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formation were made., the permeation constants might have “been greater. 
The pressure, however, would have to he extremely low on these soft 
films.
In the case of hoth the finishes and primers, the following in­
creasing order of permeation constants was found: vinyl, phenolic, and 
oil. However, the permeation constant of the alkyd finish was the high­
est of all finishes and that of the alkyd primer was the lowest of all 
the primers tested.
The rather high permeability of oil films is to he expected since 
these materials are comprised of long, flexible, and mobile chains. A  
gas is allowed to pass through to a much greater extent in cases where 
there is a great deal of chain movement possible. An open structure 
is present and the paths available to the penetrating molecule are 
numerous.
In general, the phenolic materials had high permeability, also.
This can be partially attributed to the open structure found in these 
substances. Also, lack of adequate packing within the framework would 
allow more diffusion through the film.
The distinctly greater permeability of the vinyl primer in con­
trast to the vinyl finish can be attributed to the differences in the 
structure and composition of the resins. The vinyl resin, VAGH, used 
in the primer formulation is composed of 91$ vinyl chloride, 3$ vinyl 
acetate, and 6$ vinyl alcohol. The presence of hydroxyl groups in the 
alcohol facilitates oxygen passage while the large percentage of bulky 
chlorine atoms is responsible for poor packing of the polymer chains.
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The finish was formulated with vinyl resin VYHH composed of 87$ vinyl 
chloride and 13$ vinyl acetate. No hydroxyl groups were present and 
the percentage of chlorine was lower.
The research as described in this thesis was undertaken as part 
of a comprehensive corrosion project entitled "^Minimum Paint Film Thick­
ness for the Economical Protection of Hot Boiled Steel against Corrosion” 
initiated at North Dakota Agricultural College and continued at the 
University of Missouri School of Mines and Metallurgy under the aus­
pices of the Federation of Societies for Paint Technology. At this 
early date it is not possible to correlate the permeability findings 
with performance data of the various types of coatings since all data 
of the field tests have not yet been compiled.
Limitations
The experimentation was performed under room conditions and no 
rigid controls could be used on the humidity or temperature. It is 
possible that a range of twenty Centigrade degrees occurred. Humidity, 
too, ranged several deciles of percentages. Literature( ® ^ has cited 
that a range of twenty degrees in temperature is not too drastic for 
permeation measurements, but slight fluctuations and resulting de­
viations would be obtained in the experimentation if rigid constant 
control were not kept. No mention was found on humidity variance.
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Recommendations
The author would like to make the following recommendations:
(1) It is recommended that future experiments he conducted at 
constant temperature. This holds not only for the permeation cell 
hut also for the gases.
(2) It is suggested that glass panels have their markings etched 
rather than marked with a permanent organic dye for the sake of con­
venience in taking the thickness measurements.
(3) It would he interesting to study the effect of pi@nent on 
permeability, and it is suggested that tests he made on the clear un- 
pigmented vehicles of the coatings used in this investigation.
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Using the colorimetric method of analysis for the detection of 
oxygen passing through the paint films the following conclusions were 
made:
(1) Wide variance in the permeability constants of the various 
types of films was determined. Nearly three-fold differences 
were found in some cases.
(2) Permeation constants are independent of pressure and thick­
ness in the range investigated. Film thickness varied up 
to three mils, and the pressure applied was in the range of 
two to three ounces per square inch.
(3) Pressure and temperature are influential factors in that 
both cause film modifications and these tend to produce 
deviations in permeation curves.
(4) Time was an influential factor in so much as it was char­
acteristically different for maximum absorption for each 
type of film tested.
V .  C O N C L U S I O N S
VI. SUMMARY
The amounts of oxygen flowing through films of typical anti­
corrosive organic coatings were determined by colorimetric means*
The analysis was based on the measurement of color intensity of the 
copper ( H )  ammonium chloride complex produced by the reaction of 
the permeated oxygen with copper (i) ammonium chloride*
Permeation constants were calculated and found to be in the 
following order of increasing values: vinyl, phenolic, and oil.
The permeation constant of the alkyd finish was, however, the highest 
of all finishes and that of the alkyd primer was the lowest of all 
the primers tested.
It was found that the constants were independent of the pressure 
and thickness. Temperature and pressure influenced the permeation 
curves in so much as these effects to some extent modified the films 
physically and a variance between the curves for each particular type
tested was caused
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V II. A P P E N D I C E S
Appendix 1: Non-Volatile Data (weights in grams)
Alkyd Finish:
Initial Final









% N.V. a 64.2
Alkyd Primer:
Initial Final









$ N.V. » 69.7
Oil Finish:
Initial Final









# N.V. ■ 89.4
Oil Primer:
Initial Final













sample plus tare 3.1260 2.kk36
tare 1 .358^ 1 .358k
sample weight I .7676 I .0852
$ N.V. = 6l. k
Phenolic Primer:
Initial Final
sample plus tare 2.9710 2.5098
tare 1.3556 1.3556
sample weight 1 .615k 1 .15k2
% N.V. ■ 71*5
Vinyl Finish:
Initial Final
sample plus tare ^.01*05 2.2700
tare 1.3739 1*3739sample weight 2.6666 0.8961
i N.V. = 33.6
Vinyl Primer:
Initial Final
sample plus tare k.057k 2.1877
tare 1*3515 1*3515
sample weight 2.7059 0.8362
$ N.V. » 30.9
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Appendix 2; Calibration Curve Data
Heading Standard sWater Gleams Oxygen X 10
10.0 1:0 1 A 35
11.9 10 :1 1 .301*
12.0 9:1 1.2 9 1
1 2 .1 8 :1 1.275
12.5 7:1 1.255
13.0 6 :1 1.229
13.8 5:1 1.196
1  k.6 hil 1.146
16.5 3:1 1.076
20.0 2 :1 0.956








99.0 1 : 5 H 0.0028
100.0 0 :1
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